Introduction
============

Systemic sclerosis (SSc) is an autoimmune disease characterized by vascular abnormalities, fibrosis of the skin, musculoskeletal manifestations, and internal organ involvement ([@B01]). Pulmonary involvement in SSc in the form of cellular or fibrotic nonspecific interstitial pneumonia (NSIP) occurs in 25-90% of patients, depending on the sensitivity of the evaluation ([@B02]-[@B06]), and is a significant cause of morbidity and mortality in this patient population ([@B02]-[@B07]). Consequently, there is great interest to identify which NSIP groups are likely to progress to a more fibrotic pattern that may result in shorter patient survival. In addition, identification of these specific NSIP groups after surgical lung biopsy may allow for optimal treatment approaches. In this regard many have studied biological markers in alveolar as well as in vascular compartments to discover what might relate with the progression of fibrosis or treatment responses, or to tumor recurrence and shortened survival ([@B08]-[@B12]). Because scleroderma-associated fibrotic lung disease is the phenotypic consequence of the interactions between epithelial and mesenchymal components (such as endothelial cells and myofibroblasts), currently much interest is focused on the influence of proliferative factors on growth, activation, and replication of these components. SSc is thought to be a consequence of the aberrant regulation of endothelial tissue, resulting in both vascular damage and subsequent tissue damage. Thus, several interleukins (IL-4, IL-6, IL-8, and IL-13) and growth factors \[transforming growth factor beta (TGF-β), platelet-derived growth factor (PDGF), tumor necrosis factor alpha (TNF-α), insulin-like growth factors (IGFs), basic fibroblast growth factor (bFGF), and interferon gamma (IFN-γ)\] released from inflammatory cells, endothelial cells, fibroblasts, and other cells in the lung have been implicated in the initiation and maintenance of the fibrotic process ([@B13],[@B14]). In addition, a group of nitric oxide (NO) synthase (NOS) isoforms has been targeted as potentially useful vascular markers of dysfunction ([@B15],[@B16]). Among these, constitutively expressed endothelial NO synthase (eNOS) and plasminogen activator inhibitor-1 (PAI-1) have shown promise. In many pathological states, most notably reperfusion injuries, dysregulation of inducible NOS (iNOS) and PAI-1 result in endothelial damage, thus leading to excessive levels of NO. Excessive levels of NO react with superoxides to form peroxynitrite and highly reactive hydroxyl radicals, which in turn result in cell injury and apoptosis ([@B17]). As the histopathological changes in the lungs of patients with SSc are consistent with alveolar and vessel cell damage ([@B18]-[@B20]), we presume that this interaction can be characterized by analyzing the expression of proteins regulating NO synthesis. To validate the importance of alveolar-vascular interactions and to explore the quantitative relationship between these factors and the outcome, as well as the relationship between these factors and other clinical data and pulmonary function tests, we studied these markers in 23 SSc-NSIP cases.

Patients and Methods
====================

Between January 2002 and July 2004, 23 consecutive patients with SSc and interstitial lung disease (ILD) shown by high-resolution computed tomography (HRCT) were submitted to an open lung biopsy at the Hospital das Clínicas, Universidade de São Paulo ([@B21]). All patients were women (mean age±SD, 44.89±8.74 years) who fulfilled the diagnostic and subtype criteria for SSc ([@B22],[@B23]). Open lung biopsy was performed by formal thoracotomy avoiding honeycombing areas. All 23 patients signed a free informed consent (No. 0960/08) form, and the study was approved by the Hospital Ethics and Scientific Committees.

Analysis of the clinical records was performed for all patients. The disease duration was established from the first symptom of the disease except for Raynaud\'s phenomenon. Skin thickness was assessed using the modified Rodnan Skin Score (MRSS) ([@B24]), consisting of clinical palpation in 17 body areas on a 0-3 basis and the sum of the scores in all 17 areas. HRCT and pulmonary function tests were performed within a period of up to 3 months before the biopsy. Disease duration (from the onset of Raynaud\'s phenomenon) and MRSS to score cutaneous fibrosis were analyzed. All eligible patients were submitted to blood tests immediately before the start of the study (complete blood count, urinalysis, liver enzymes, renal function tests, and anti-topoisomerase antibody). They were followed monthly before cyclophosphamide infusion with regular blood tests, and the dosage was adjusted if the total leukocyte count fell below 3000/mm^3^. Lung function tests \[diffusing capacity of the lung for carbon monoxide corrected for hemoglobin concentration (DLCO-Hb), forced vital capacity (FVC), forced expiratory volume in the first second (FEV1), and total lung capacity (TLC)\] were performed before (up to 3 months), after 12 months of treatment, and after 3 years from the end of the study. MRSS was scored before treatment, on months 6 and 12 of treatment, and also after 3 years from the end of the study. The primary end point was to evaluate changes in NOS and PAI-1 and to analyze differences between the two groups: cellular SSc-NSIP *vs* fibrotic NSIP.

HRCT
----

All HRCT was performed with 1.0- or 1.5-mm thick sections at supine and full inspiration at 10-mm intervals. A specialized chest radiologist and a pneumologist analyzed the images at three pre-established levels (trachea, carina, and pulmonary veins) for the presence of any signs of ILD: ground glass, consolidation, reticular, honeycombing, and bronchiectasia.

Histological analysis
---------------------

Open lung biopsy was performed by formal thoracotomy avoiding honeycombing areas. Two pathologists specialized in lung diseases, blinded to clinical aspects of the patients, classified the lung specimens according to the new consensus on classification of ILD ([@B25]). Final diagnoses were reached by consensus of the pathologists. Regarding NSIP, the most predominant pulmonary histological pattern was also defined as cellular or fibrosing. As control, normal lung tissue was obtained from 10 individuals (3 males and 7 females), with a median age of 47 years (range, 31 to 60 years) who died suddenly of nonpulmonary causes.

Pulmonary function tests
------------------------

Spirometric analyzes included the assessment of FEV1, FVC, and TLC. DLCO-Hb ([@B26]) was evaluated using a single-breath technique. Results are reported as a percentage of predicted values based on gender, age, and height.

Immunostaining
--------------

A standard peroxidase technique was used, with Harris\'s hematoxylin as the counterstain. All of the antibodies used were biotinylated rabbit polyclonal antibodies. Neuronal NOS (nNOS), eNOS, iNOS, PAI-1, α-smooth muscle actin (α-SMA), IL-4, IL-13, and bFGF polyclonal antibodies (Santa Cruz Biotechnology, Inc., USA) were incubated with tissue sections at a 1:100 dilution. A Max Polymer Novolink amplification kit (Leica, Newcastle Inc., UK) was used for signal amplification and 3,3′-diaminobenzidine tetrachloride (0.25 mg dissolved in 1 mL 0.02% hydrogen peroxide) was used as a precipitating substrate for signal detection. The specificity of primary antibodies was confirmed by appropriate reagent controls (omitting the primary antibody or substituting nonimmune serum for the primary antibody in the staining protocol), which revealed no staining.

Histomorphometry
----------------

Immunohistochemical staining of NOS isoforms, PAI-1, α-SMA, IL-4, IL-13, and bFGF-positive cells in alveolar septa, as well as endothelial, myofibroblast, and smooth muscle cells in terminal bronchiolar arteries, were quantified by stereology at 400× magnification with an eyepiece systematic point-sampling grid with 100 points and 50 lines used to count the fraction of lines overlying the positively stained structures ([@B27]).

We averaged the observations from 10 microscopic fields to obtain the final results, which are reported as a percentage of the stained structures. To control for variation in scoring between our two histologists (ACAJ and ERP), 20% of the stained slides were independently scored by both observers. The coefficient of variance between cell counts for the two observers was \<5%.

Statistical analysis
--------------------

Data are reported as means±SD with 95% confidence intervals. Statistical analysis was performed by ANOVA, followed by appropriate *post hoc* tests, including Bonferroni\'s for multiple comparisons by one-way ANOVA and the Student *t*-test for two variables between groups. The general linear model was used to test the relationship between one continuous variable and several others, and the residuals were examined to ensure that they were approximately normally distributed. Survival analyses were initially done using Kaplan-Meier curves, and final multivariate analyses were done using the Cox proportional hazard model. All analyses were done with SPSS 18.0 (SPSS Inc., USA). A P value \<0.05 was considered to be significant.

Results
=======

Clinical features
-----------------

The clinical features of the 23 patients included in this study are shown in [Table 1](#t01){ref-type="table"}. Age, gender, disease duration, anti-topoisomerase I positivity, MRSS, gastro-esophageal reflux symptoms, esophageal dysmotility, and dyspnea were comparable in both groups. All 23 patients had NSIP in histological examination, and the prevalence of cellular and fibrosing patterns was similar in both groups. Diffuse skin involvement was significantly associated with cellular SSc-NSIP compared to fibrotic NSIP (72 *vs* 33%, P=0.01). All patients studied showed a restrictive lung function pattern characterized by a decrease in TLC (mean values were 81% of predicted in cellular SSc-NSIP and 79% of predicted in fibrotic NSIP) and an increased FEV1/FVC ratio/100 (mean values of 106% of predicted in cellular SSc-NSIP *vs* 108% of predicted in fibrotic NSIP). The mean predicted values of DLCO were significantly decreased in fibrotic NSIP (55%) compared to cellular NSIP (77%) patients ([Table 1](#t01){ref-type="table"}). No difference was found for DLCO/alveolar volume in cellular SSc-NSIP compared to fibrotic NSIP (92 *vs* 70%; P=0.26; [Table 1](#t01){ref-type="table"}).

Morphological features
----------------------

Normal and NSIP histological patterns of alveolar septa and vessels are shown in [Figures 1](#f01){ref-type="fig"}, [2](#f02){ref-type="fig"}, and [3](#f03){ref-type="fig"}, with immunohistochemical staining by nNOS ([Figure 1](#f01){ref-type="fig"}, left panels), eNOS ([Figure 1](#f01){ref-type="fig"}, middle panels), and iNOS ([Figure 1](#f01){ref-type="fig"}, right panels); PAI-1 ([Figure 2](#f02){ref-type="fig"}, left panels), α-SMA ([Figure 2](#f02){ref-type="fig"}, middle panels), and IL-4 ([Figure 2](#f02){ref-type="fig"}, right panels); IL-13 ([Figure 3](#f03){ref-type="fig"}, left panels), and bFGF ([Figure 3](#f03){ref-type="fig"}, right panels). Different immunostaining intensities were exhibited by epithelial, endothelial, myofibroblast, and smooth muscle cells from alveolar septa and vessels in cellular SSc-NSIP histological patterns when compared to normal and fibrotic SSc-NSIP. [Table 2](#t02){ref-type="table"} summarizes the morphometric results. A significant percentage of septal and vessel cells immunostained for iNOS in a cellular SSc-NSIP histological pattern (P=0.001 and P=0.02, respectively). In addition, we found that the level of staining for iNOS related significantly to several factors having to do with the immune response and fibrinolysis regulators. A general linear model analysis demonstrated that staining for septal iNOS related significantly to the staining of septal cells for IL-4 (P=0.03) and to septal IL-13 (P=0.03). All these relationships were significant after allowing for the contribution of the others, and for this analysis we used a multivariable model. In addition, using univariate analyses, staining for vascular iNOS related significantly to staining of vascular eNOS (P=0.009), vascular PAI-1 (P =0.003), and vascular IL-4 (P=0.02). Also, using univariate analysis, septal and vascular iNOS were negatively related, respectively, to bFGF (P=0.02) and α-SMA (P=0.001). In other words, higher levels of septal and vascular cells staining for iNOS were associated with a smaller percentage of septal and vascular cells expressing bFGF and myofibroblast proliferation, respectively. Other NOS isoforms did not relate to IL-4, IL-13, PAI, and bFGF. [Figure 4](#f04){ref-type="fig"} uses two plots to demonstrate the relationships between staining for septal and vascular iNOS and SSc-NSIP histological patterns. The two box plots demonstrate that the relationship between iNOS and SSc-NSIP histological patterns was very strong. The scatter plots in [Figure 5](#f05){ref-type="fig"} show that there was a strong relationship between staining of septal iNOS and IL-4, IL-13, and bFGF, as well as between vascular iNOS and IL-4, eNOS, PAI-1, and α-SMA. No significant association was found between staining of septal iNOS and eNOS, PAI-1, and α-SMA; equally, no significant association between staining of vascular iNOS and IL-13 and bFGF was found.

![Immunohistochemical staining with nNOS, eNOS and iNOS. Cell expressions of nNOS, eNOS and iNOS in septal interstitium and intrapulmonary vessels from normal and systemic sclerosis (SSc) lung tissue are shown. There is a diffuse and increased expression of nNOS (*D*), eNOS (*E*) and iNOS (*F*) in the septal interstitium of patients with cellular nonspecific interstitial pneumonia (NSIP) compared with nNOS (arrows) (*A*), eNOS (arrows) (*B*) and iNOS (arrows) (*C*) of the control group and more than nNOS (*G*), eNOS (*H*), and iNOS (*I*) of fibrotic NSIP. An increased expression of iNOS in vessels of cellular NSIP (*O*) and fibrotic NSIP (*R*) is observed when compared with control (*L*). Similar expression of nNOS and eNOS is observed comparing nNOS (arrows) (*M*) and eNOS (arrows) (*N*) in vessels of cellular NSIP and nNOS (arrows) (*J*) and eNOS (arrows) (*K*) of control and nNOS (arrows) (*P*) and eNOS (arrows) (*Q*) of fibrotic NSIP.](1414-431X-bjmbr-46-10-881-gf01){#f01}

![Immunohistochemical staining with PAI-1, α-SMA and IL-4. Cell expressions of PAI-1, α-SMA and IL-4 in septal interstitium and intrapulmonary vessels from normal and systemic sclerosis (SSc) lung tissue are shown. There is a diffuse and increased expression of PAI-1 (arrows) (*D*), α-SMA (arrows) (*E*) and IL-4 (arrows) (*F)* in the septal interstitium of cellular nonspecific interstitial pneumonia (NSIP) contrasting with a minimal or without expression of PAI-1 (arrows) (*A*), α-SMA (*B*) and IL-4 (arrows) (*C*) of the control group. Comparing the expression of PAI-1, α-SMA, and IL-4 between the cellular (*D*,*E*,*F*) and fibrotic (*G*,*H*,*I*) NSIP pattern, a higher expression of α-SMA in fibrotic than in cellular NSIP was observed. Increased expression of PAI-1, α-SMA and IL-4 is observed in cellular (arrows) (*M*,*N*,*O*) and fibrotic (arrows) (*P*,*Q*,*R*) NSIP groups when compared with the control (arrows) (*J*,*K*,*L*) group.](1414-431X-bjmbr-46-10-881-gf02){#f02}

![Immunohistochemical staining with IL-13 and bFGF. Cell expressions of IL-13 and bFGF in septal interstitium and intrapulmonary vessels from normal and systemic sclerosis (SSc) lung tissue are shown. There is an increased expression of IL-13 (arrows) (*E*) and bFGF (arrows) (*F*) in the septal interstitium from patients with fibrotic nonspecific interstitial pneumonia (NSIP) compared with IL-13 (arrows) (*A*) and bFGF (arrows) (*B*) of the control group, and IL-13 (arrows) (*C*) and bFGF (arrows) (*D*) of the cellular pattern. Similar expression is observed comparing the IL-13 and bFGF of control (arrows) (*G*,*H*), cellular (arrows) (*I*,*J*), and fibrotic (arrows) (*K*,*L*) groups.](1414-431X-bjmbr-46-10-881-gf03){#f03}

![Box plot shows septal (*A*) and vascular (*B*) iNOS expression between cellular and fibrotic histological patterns.](1414-431X-bjmbr-46-10-881-gf04){#f04}

![Scatter plots show the relationship between staining of septal and vascular cells for iNOS and IL-4, IL-13, bFGF, eNOS, PAI-1, and α-SMA.](1414-431X-bjmbr-46-10-881-gf05){#f05}

Survival analysis
-----------------

Preliminary examination of Kaplan-Meier survival curves demonstrated that, in this study, patients with fibrotic NSIP, septal iNOS \<17.26%, septal IL-13 \<5.46%, vascular nNOS \<7.37%, vascular α-SMA \>63.4%, and vascular IL-4 \<12.79% had approximately the same hazard for survival with a median survival time equal to 49.5 months for all these variables. Thus, we coded overall NSIP histological patterns as a single dummy variable with a value of zero for cellular and a value of one for fibrotic. The results of the Cox model analysis are reported in [Table 3](#t03){ref-type="table"}. After controlling for the SSc-NSIP histological pattern, only three variables were significantly associated with survival time: septal iNOS (P=0.04), septal IL-13 (P=0.03), and septal bFGF (P=0.02). Once these three variables was accounted for, none of the others related to survival. Multivariate analyses showed low risk of death for low septal iNOS, septal IL-13, and septal bFGF expression.

Discussion
==========

We demonstrated higher expressions of iNOS in alveolar and vascular structures in patients with SSc when compared with the normal lung tissue group. Alveolar structures and vessels had a high expression of iNOS in epithelial, endothelial, myofibroblasts, and smooth muscle cells. When total iNOS and NSIP histological patterns were compared, a clear switch was shown in the expression of the iNOS isoform in septal and vascular lesions of patients with SSc. Although the expression data were similar between iNOS in septal and vascular cells, the following features were constant: iNOS was upregulated in epithelial, endothelial, myofibroblasts, and smooth muscle cells from septa and vessels; and the expression of iNOS was more strongly associated with higher pulmonary fibrosis in SSc. One interpretation of the relative pattern of expression and correlation of iNOS is that, as pulmonary lesions in patients with severe pulmonary fibrosis become more extensive, more extrinsic or intrinsic stimuli cause endothelial upregulation of iNOS production and more endothelial injury than in patients with minimal pulmonary fibrosis. This in turn leads to production of sufficient amounts of NO to cause NO-mediated free radical damage to proteins within endothelial and smooth muscle cells in patients with extensive pulmonary damage, which can be recognized as accumulation of these proteins and an increase in the expression of PAI-1. An imbalance in the equilibrium of iNOS and other isoform (nNOS and eNOS) synthesis and the resulting increased production of NO have been reported to be associated with serious cell damage ([@B28]). In the present study, the grades at which greatest endothelial damage occurred were the same as those in which morphological studies from this laboratory have shown evidence of endothelial injury and death ([@B18]). In other situations, such as vascular changes associated with endotoxic shock ([@B29]), and ischemia-reperfusion injuries ([@B30]), endothelial iNOS expression has been associated with endothelial damage mediated by free radicals. All of our data indicate a similar process in patients with extensive pulmonary fibrosis, and this situation contributes to maintenance of the disease. The conclusion that free radical-mediated oxidative injury is involved in the progression of SSc is supported by the increase in iNOS and reduced circulating levels of antioxidants (selenium and ascorbic acid) in these patients. This situation is indicative of the formation of peroxynitrite, nitration of cellular proteins, and cell damage. The switch from upregulation of iNOS in endothelial and smooth muscle cells is not unique to SSc, having been described in other collagen vascular diseases ([@B31]). Increased expression of iNOS by endothelial cells has also been described in patients with systemic lupus erythematosus ([@B32]), but in that study there was no reduction in iNOS expression.

There is a growing body of evidence that cytokines, such as IL-1α, TNF-α, TGF-α, IFN-α, and bFGF, and other local effectors, such as heparin, lipopolysaccharide, and ischemia, might be involved in the regulation of iNOS isoform expression in the endothelium ([@B16],). Our results support the hypothesis that NO production following induction of vascular iNOS contributes to free radical damage previously implicated in the pathogenesis of SSc. One implication of these findings is that general stimulation of NO production in patients with SSc through vasodilatation improves tissue blood flow, and thus cell viability, and could be counterproductive unless therapy is first directed toward selective inhibition of these isoforms. Such selective inhibition can diminish endothelial damage that occurs in progressive pulmonary fibrosis in SSc.

Our study presented clinical and functional impacts. We found an important correlation between pulmonary function tests and high compromise by pulmonary fibrosis in these patients. In order to establish the relevance of these findings to the evolution of the patients, NOS and cytokines were evaluated in the function of survival controlled for histological patterns. Clearly, multivariate analyses showed a low risk of death for low expressions of septal iNOS, septal IL-13, and bFGF.

We conclude that iNOS, IL-13, and bFGF expression in lung parenchyma offers us the potential to control oxidative injury involved in fibrotic progression of SSc, suggesting that strategies aimed at preventing high iNOS synthesis, or local responses to high IL-13 and bFGF cytokines may have a greater impact on SSc. To finalize this conclusion will require greater study in a randomized and prospective trial.
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